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A B S T R A C T  
This paper  reports on t h e  development of a high 
performance  silicon bulk micromachined  vibra- 
tory gyroscope  designed for  microspacecraft 
applications. This silicon  vibratory  microgyro- 
scope consists of a four-leaf  clover  silicon  struc- 
ture with a central post suspended by four thin 
silicon  cantilevers. This device is electrostatically 
actuated at one of its mechanical modes, and 
input rotation is detected by monitoring the 
Coriolis  induced  motions of the  leaves ca- 
pacitively. The bias  stability of this microgyro- 
scope is typically c 10 deg/hr with angle random 
walk of c 0.1 deg/v'hr,  and  scale  factor  nonlinear- 
i t y  of ~ 1 % .  This new vibratory  microgyroscope 
offers  potential advantages of long  operational 
life, high performance,  extremely  compact size, 
low  power operation,  and low cost. 

l N T R O D U C T l O N  
Present inertial measurement systems that use 
conventional  gyroscope  technologies  are  ex- 
ceedingly  costly,  massive,  and  consume too 
much  po.wer  for  microspacecraft  applications. 
Micromachined  vibratory  gyroscope^"^ are 
promising candidates to replace  conventional 
gyroscopes for  navigation, guidance, and  atti- 
tude control  applications in future  microspace- 
craft  missions. 

In this paper, we  report on recent developments 
of a silicon bulk micromachined  vibratory  gyro- 
scope. This silicon  vibratory  microgyroscope is 
fabricated using simple,  precise, and  low-cost 
bulk silicon  machining  technology. This unique 
symmetric, high quality (Q) factor  resonator de- 
sign results in a highly sensitive  device. 

This high performance  microgyroscope will be 
integrated  into a micro  Inertial Reference  System 
(FIRS) chip consisting of three  orthogonal  silicon 
micromachined  vibratory gyroscopes and  accel- 

erometers. This pIRS chip will be  used for atti- 
tude  and  maneuver control, and  stabilization  and 
pointing of instruments  such as cameras,  an- 
tenna, detectors, and  solar panels.  The plRS 
chip  can  also  supplement  other  external  inertial 
reference  systems'  such as the Global Position- 
ing System (GPS), s u n  sensor, or star  tracker by 
"filling in the gaps" during times the direct use of 
these systems is not possible. 

DESCRIPTION 
The  general  mechanical  structure of this  silicon 
microgyroscope  consists of a four  leaf  clover 
suspended by four thin wires with a post rigidly 
attached to the  center in the  direction perpen- 
dicular to the  plane of the  clover  leaves  (Figure 
1). The silicon  cloverleaf  structure with the  post 
is bonded to a silicon base plate  patterned with 
gold electrodes. The  cloverleaves  provide  large 
surface  area for electrostatic  drive  and sensing. 
The  four suspensions provide  mechanical sup-  
port  and  restoring  force for the  harmonic  motion 
of the whole structure. 
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Figure I .  Schematic drawing o f  the mcr-,qvro 
structure. 

The  post  provides a iarge  Coriolis  force  coupling 
between  the  orthogonal  modes when :he gyro- 
scope rotates  about  the  post  axrs.  The  mechanl- 
c a l  resonant  frequencies of the  microgyroscope 
is designed to be in 2500 to 3000 Hz range.  The 
first three mechanical  modes  are 1) upidown 
mode in which  all the  leaves move  along  the z- 
axis simultaneously, 2) rocking  mode about the 
y-axis,  and 3) rocking  mode  about  the  x-axis. The 
two  rocking modes of the  cloverleaf  structure  are 
symmetrical in the x-y plane  and  are  inherently 
degenerate with the  same  identical resonant 
frequency.  The  cloverleaf  structure is electro- 
statically  driven to oscillate  at  the  “drive” mode, 
rocking about  one of the in-plane  axes  (i.e. y- 
axis).  Since  the  post is rigidly attached to t h e  clo- 
verleaf structure,  the post  moves  along the x- 
direction.  Under  rotation,  Coriolis  acceleration 
induces  energy  transfer from  the  “drive”  mode to 
the  orthogonal “sense” mode  causing the  post 
to rock about  the y-axis (in addition to its initial 
drive  motion  about  the x-axis). The  motion of the 
post is translated  back  into  the  rocking  motion of 
the  cloverleaves. The  post  provides a large  Cori- 
olis  coupling  which transfers  energy between 
the two orthogonal  rocking  modes.  The highest 
rotation  sensitivity is obtained  when  the  drive 
and sense modes  have  the  same  resonant  fre- 
quency. Very stringent  fabrication  and  assembly 
requirements  are  necessary to achieve this  
“matched” condition.  When this “matched” con- 
dition is achieved,  the  response to the  Coriolis 
acceleration is then  amplified by the Q factor of 
the resonance resulting in improved sensor per- 
formance  and  reduced  drive  voltage. 

FABRICATION 
The  cloverleaf  microgyroscope  design consists 
of three major components:  the silicon  cloverleaf 
structure, the silicon baseplate, and the  vertical 
silicon  post.  The  starting  material for the  clover- 
leaf structure is <loo> silicon  double side pol- 
ished  wafers with two epilayers grown on top. 
The  buried  epilayer is 4 microns  thick doped with 
Boron (1020/cm3) and counter-doped with 2% 
Ge for stress relief.  The top silicon  epilayer is 26 
microns  thick  doped with Phosphorous.  The 
baseplate starting  material is <loo> silicon dou- 
ble side  polished  wafers  that IS 3mm  thick. 

I 

Figure 2. Cloverleaf structures on a 4-inches 
silicon  wafer. 

After the wet  chemical etch, the first thin SiO, 
layer is removed  and a 5000A thick SiO, is grown 
on the  entire  wafer.  The  SiO, on the  backside of 
the wafer is then  patterned  and  etched.  Layers 
of chromium,  platinum  and gold are  then e-beam 
evaporated  onto  the  cloverleaf  structure  and 
patterned. The  whole  wafer is then  etched in 
ethylene  diamine  pyrocatechol (EDP) to remove 
t h e  silicon substrate. Again this wet etch self 
terminate  at  the p+ etch-stop layer  (Figure 2). 
Next,  the  wafer is reactive ion etched with SF6 
and 0 2  to remove  the p+ stop-etch layer.  Finally, 
the remaining  SiO,  layer is removed using a 
CF4/02 plasma. 

The  fabrlcatron process of the silicon baseplate 
also  begms wlth the deposition of a thin layer 
( l O O O A )  of thermal S O ,  onto the  silicon  wafer. 
The  SiO,  layer is ?hen  patterned  and  etched with 
EDP to the  depth of 8 microns. This depth will 
be the  gap  distance separat~ng the  cloverleaf 
structure  and ?he baseplate  electrodes.  After t h e  
first EDP etch, a thick thermal  sdicon  dioxide  and 
layer IS grown onto the  whole  wafer.  The topside 
oxide  layer is patterned and etched to provide 
electrical contact io the substrate. Metallization 



Figure 3. Bonded components using  low tem- 
perature gold thermocompression bonding. The 
inserted SEM picture shows  the gold bond line 
between  two  silicon wafers. 

FIgure 3.  SEM picture of bonded  cloverleaf 
structure with silicm baseplate before  the as- 
sembly of the central post. 

The  bonded  devices  (Figure 4) are first tested 
for resonant  frequencies and  mode shapes. Af- 
ter these initial tests, a silicon  post is epoxied 
into the hole on the  silicon  resonator.  The di- 
mensions of the silicon  clover-leaf  structure i s  7 
mm x 7 rnm, the  dimensions of each clover  leaf is 
2 mm x 2 mm, and t h e  post is 500 microns 
square and 5 mm in length.  The  silicon base 
plate is 1 cm x 1 cm and is approximately 3 mm 
thick. 

CONTROL  AND  READOUT 
E L E C T R O N I C S  

The actuation, or  drive,  circuit is realized by de- 
signing  an  oscillator (H(s)) around the microgyro- 
scope which  locks onto the  drive resonance 
mode as shown in Figure 5. The  purpose of 
summing t h e  signals from  both sense plates is to 
remove  the  differential  signal  between  them  and 
hence  the  response of the sense resonance is 
obtained from the  feedback loop.  The sense 
circuit, on the  other  hand, subtracts the  signals 
from both sense plates in order to  remove the 
common-mode  drive  signal. A lock-in  amplifier is 
used to detect a differential  signal  induced due 
to rotation 

I I -  I 

Figure 5. Block  diagram of the microgyro contrc 
electronics. 

M E A S U R E M E N T  
The  mechanical  characteristics of the  microgyro- 
scopes are first  identified in a custom  test  station 
consisting of a vacuum chamber with electrical 
probes to electrically  excite the microgyroscope, 
and a Polytech OFV 501 laser  vibrometer  (Dop- 
pler  velocimeter) to accurately  measure  me- 
chanical  motion. This system is used to measure 
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:he  resorrLim;e tr:yi.lerlcles. Q-factors, mode 
shaoes, Wsteresis. xa i : -down  voltage,  symme- 
t r y  (by smtinc; ditfereni electrodes), operational 
voltage.  and survivaclilty (by driving it with a very 
large amplitude signal) of the  microgyroscope. 
The  rotation  testmg of t h e  mlcrogyroscope uses 
a Triotech S347B rate  table with a resolution of 
0.01 degrees per second to rotate a rnicro- 
gyroscope  inside a vacuum chamber, and a 
computer to record  the output of the  gyroscope 
as a function of rotation rate. 

Figure 6 .  Packaged microgyro with control elec- 
tronics. 

The  silicon  microgyroscopes  tested to date have 
mechanical  resonant frequencies -3000 Hz, 
with a frequency split of < O . l % .  The  Q-factor of 
the drive  and sense modes is typically 1,000 to 
10,000. Both resonant  modes  are rocking 
modes with nodal  lines  along t h e  spring direc- 
tions.  The  separation  between  the  resonant  fre- 
quencies is primarily due to thickness  variations 
between  the  silicon suspensions and stress due 
to the  bonding of the post to the  clover  leaf 
structure. Due to the  close proximity of the 
"drive"  and "sense" resonant frequencies, the 
response of these device  are  amplified by Q. 
The  microgyroscope is vacuum  packaged  into a 
stainless  steel  package  (Figure 6 )  

The response of the  microgyroscope to rotation 
rates is taken  between -2 degisec and 1-2 
degisec at  room temperature. The driving volt- 
age of the  microgyroscope IS approximately 100 
mV peak to peak.  Three  consecutive tests are 

done to c h e c ~  i c r  FYStt?i-ISiS < A n d  scale  factor sta- 
bllity. Fjp~cal scale factor ;tablllty is 0.1% under 
ambient conditions wlth x hysteresis,  The 
Green  chart. iwhich plots the !wo-sampled stan- 
dard deviation (square rocl of t h e  Allan variance) 
as a functlon of the  Integration  time. IS used to 
characterize  the  noise.  Obtained  values for an- 
gle  random  walk  noise  and  bias  stability  are con- 
sistently < 0.1 degh h r  and .= 5 degihr, respec- 
tively. 

INTEGRATED G Y R O S  
To further  improve  the  performance of the  clo- 
verleaf microgyroscope,  the  mechanical  struc- 
ture of the  device  has  been  modified to include 
an  integrated  post.  One half of the  post is fabri- 
cated  from  the  silicon  wafer  that  the  cloverleaf is 
made  from,  and  the  other half  of the  post is made 
from the silicon baseplate wafer  (Figure 7). This 
design  simplifies  the  fabrication process and 
eliminates  the  post  assembly  procedures. These 
devices  have  been  fabricated  and is undergoing 
mechanical  and  rotation testings. Initial results 
showed  that these devices  have  less  than 
<0.1% in frequency split (Figure 8).  

Figure 7. Schematic drawing of the  integrated 
gyro with integrated  silicon  post. 

Figure 8.  SEM picture of the  integrated gyro with 
integrated  post. 



The piRS ship IS a SIX degree of freedom  Inertial 
measurement m l t .  it consists of three acceler- 
ometers,  in-piane  rate  gyros,  and  a  z-axis (out-of- 
plane)  rate  gyro, These Inertial sensors are  fabri- 
cated on a single chrp  and  bonded to a control 
electronics  chlp to form the FIRS chip  (Figure 9). 
The  separation of t h e  inertial sensors and elec- 
tronics  allows the  use of optimized  structure 
(epilayer, dielectric layers, metallization)  and  fab- 
rication process to provide the  best  device per- 
formance. 

Figure 7. Schematic drawing of the FIRS chip 
consists of separated sensor and  electronics 
chips. 

C O N C L U S I O N  
This paper  report  on  recent experimental results 
on a new generation of silicon  cloverleaf  micro- 
gyroscope  designed for  micro inertial reference 
system on a single chip  for  microspacecraft ap- 
plications. These new microgyroscopes  have 
consistently  demonstrated  a  bias  stability of < 5 
deg/hr, and a rate  random  walk of < 0.1 deg/dhr 
with open-ioop  electronics  and no temperature 
compensation. The cloverleaf  vibratory  microgy- 
roscope  offers  potential  advantages of long op- 
erational  life, high performance,  extremely  com- 
pact size, low  power operation, and low cost for 
applications in inertial  navigation  and  attitude 
control of microspacecraft.  Continual  improve- 
ment and  optimization of t h e  cloverleaf  microgy- 
roscope will result in performance  of less than 
ldeg/hr  bias  stability in the near future .  
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